Abstract: CO2 injection into geological formations is considered one way of mitigating the increasing levels of carbon dioxide concentrations in the atmosphere and its effect on and global warming. In regard to sequestering carbon underground, different countries have conducted projects at commercial scale or pilot scale and some have plans to develop potential formations for carbon dioxide storage. In this study, pure CO2 injection is examined on a model with the properties of bunter sandstone and then sensitivity analyses were conducted for some of the important parameters. The results of this study show that the extent to which CO2 has been convected in the porous media in the reservoir plays a vital role in improving the CO2 dissolution in brine and safety of its long term storage. We conclude that heterogeneity plays a crucial role on the saturation distribution and can increase or decrease the amount of dissolved CO2 in water. Furthermore, the value of absolute permeability controls the effect of the Kv/Kh ratio on the CO2 dissolution in brine. In other words, as the value of vertical and horizontal permeability decreases (i.e. tight reservoirs) the impact of Kv/Kh ratio on the dissolved CO2 in brine becomes more prominent. Additionally, reservoir engineering parameters, such as well location, injection rate and scenarios, also have a high impact on the amount of dissolved CO2.
Introduction
The global temperature over the last century shows a slight increase and predictions indicate an increase of up to 1.1 -6.6 ˚C by the end of this century [1] . Carbon capture and storage (CCS) , that comprises of the separation of CO2 from the gaseous exhaust of power plants and other heavy industries and safe and secure long-term storage in geological formations is considered as the most applicable method for mitigation of CO2 concentration in the atmosphere [1] [2] [3] . Investigations show that there is the potential for nearly 2000 Gt of CO2 storage capacity within the different underground formations around the world [1] . Different geological formations considered as a sink for CO2 storage include depleted oil and gas reservoirs, un-mineable coal beds and saline aquifers [4] . Amongst these sites, deep saline aquifers show the highest storage potential [5] . The best storage process is very slow.
At the initial stages of injection, the hydrodynamic and structural trapping mechanisms are active [7] . However in the long-term, other trapping mechanisms, such as solubility, residual gas and mineral trapping, will arise.
Nghiem et al. presented a simulation and optimization method for the trapping mechanisms during
CO2 storage in saline aquifers [10] . They adjust the location and the rate of injection to enhance the total amount of CO2 trapping. Shariatipour et al. proposed an engineering solution for increasing the efficiency of CO2 dissolution in formation brine [11] . In their method, brine extracted from the top of the aquifer is mixed by a downhole mixing tool with CO2 which is injected through the tubing. Then, the dissolved CO2 in brine is injected into the same formation through another lateral at the bottom of the aquifer. The advantage of their concept is that the high pressure of formation water will increase the solubility of CO2 in water and there is no energy penalty in lifting the brine to the surface for the surface mixing processes. Ide et al. studied the effect of the gravity and viscous forces on residual trapping -also known as capillary trapping -of CO2 [12] . Their results show that in cases in which the gravitational forces are weaker in comparison with viscous forces, more CO2 is trapped.
Research was conducted by Li et al. to study the effect of capillary pressure on migration behavior of CO2 plume [13] . Their results show that the capillary pressure has only a minor impact during the injection phase, but will increase during the post-injection processes.
The Bunter sandstone is a reservoir rock which is more than 200 m thick and has a considerable storage potential for CO2 storage purposes [14, 15, 16] . The Bunter sandstone is comprised of several domes which are mostly saturated with brine while only a few formations are filled with natural gas [17, 18] . Williams et al. created a precise geological model based on the core, seismic and well log data to estimate the storage capacity of domes in Bunter sandstone [16] . They calculated storage efficiencies between 4% (closed domes) to 33% (homogeneous model). Heinmann et al. studied the storage capacity based on a multi-well injection scenario and estimated that 3.8 -7.8 Gt CO2 could be stored in the parts of the Bunter sandstone they studied [19] . Our study focuses on the solubility and residual trapping mechanisms and the determination of storage efficiency in a model with the properties of Bunter sandstone closure in the UK sector of the Southern North Sea. 
Model Description
The three dimensional reservoir simulation model for studying CO2 injection in a saline aquifer was created by the Eclipse 300 through the CO2STORE option. The dimensions of the model are 1600m long, 800m wide and 140m thick. The main input data and the thickness of the formation were adopted from the work by [19] . Table 1 shows the input data used in this study. The Kv/Kh is assumed to be 0.1 in the base case and since the horizontal permeability is 250 mD, the vertical permeability is 25 mD. Given the lack of relative permeability and capillary pressure data for Bunter sandstone, the data presented by Bennion and Bachu have been used in this study [20] .
The injection pressure should not exceed the fracture pressure of the formation rock and the caprock because increasing the pressure more than limit that will create fractures in the rock that will act as pathways for CO2 leakage to the surface. In this regard, the method presented by Brook et al. was used to calculate the fracture pressure of the formation [21] . We considered the bottom hole pressure constraint as 90% of the fracture pressure of the formation [16] . If the pressure rises beyond this limit the injection well will be shut-in. In all the simulations only one injection well has been presented. In the base case, pure CO2 is injected at a rate of 1 Mt per year through the tubing to the bottom of the formation for 20 years. Injection then stops and the simulation progresses continue for a further 100 while the flow of fluids is the result of density differences alone. The perforated section is 20 meter high from the bottom of the formation. The static model was considered to be completely saturated with brine and no free gas exists at the beginning of the simulation. Through the use of the Diffusion option, the CO2 is allowed to dissolve in the formation brine during and after injection. The model presented by Spycher and Pruess was used to calculate the CO2 dissolution in brine [8] . They studied the behavior of a mixture of H2O-CO2 at the temperatures between 12 -100 ˚C and pressures up to 600 bar. It is well-known that the solubility of CO2 in water increases with pressure and decreases with an increase in temperature and salinity. In contrast, in deeper aquifers both temperature and the salinity increase and thus the dissolution of CO2 in formation brine decreases. However, it should be noted that aquifers with greater depth are considered to be interesting sinks for CO2 storage because they are safer and the geothermal energy can be also utilized alongside the CCS [22, 23, 24] . One of the main objectives of this study is to determine the CO2 storage efficiency that is known to be dependent on different factors which can be categorised as: 1) Characteristics of the target aquifer for storage such as porosity, permeability, temperature, pressure, etc; 2) Characteristics of CO2 storage operation such as injection rate, number of wells, etc; 3) Constraints used in the injection process, such as maximum bottom hole pressure and the definitions used to calculate the volume of rock which is considered for CO2 storage [25] . Different researchers have proposed different methods for the estimating CO2 efficiency. A task force of the Carbon Sequestration Leadership Forum has presented methods for calculating storage efficiency in hydrocarbon reservoirs, coal beds and saline aquifers [7] . In another work, the US Department of Energy has developed a method for estimating CO2 storage capacity in the mentioned media [26] . Considering the limitations for pressure build up in the model, the storage efficiency is calculated by the formula used by Williams et al. [13] . The volume of CO2 injected is calculated by the dynamic simulation.
Results and Discussion
In order to define the effect of different parameters on the CO2 storage in the Bunter sandstone, some sensitivity analysis were conducted on the model. To obtain the impact of one parameter, the simulation is run by changing the value of that parameter while all other parameters are kept constant. Understanding the change of several parameters at the same time will be considered in future studies. It should be noted that here we investigate the impact of each parameter on the amount of dissolved CO2 in the brine. 1 the amount of dissolved CO2 has decreased with an increase in reservoir pressure; which might seem in contradiction with our former expectation that the solubility of CO2 increases with increase in pressure. This can be attributed to the increase in reservoir pressure that increases the density and viscosity of CO2 that results in a decrease in the mobility of CO2. Thus, the distribution of CO2 in the porous media becomes less and it come into less contact with the fresh brine. This result is in agreement with the former result in the literature [27] . The storage efficiencies from the lowest pressure to the highest are, 3.4 %, 2.6% and 2.3%, respectively. The effect of initial aquifer temperature is presented in Fig. 2 . As it is shown the dissolution of CO2 in brine increases with temperature, which again contradicts the well-known principle that the solubility of CO2 decreases with increased temperature. This observed increased dissolution is due to the increase in mobility of CO2 and far easier movement through the medium and contact with fresh brine. This is in agreement with results of previous research by Kumar et al. [27, 28] . The storage efficiencies are calculated as 2%, 2.6% and 3.7 % for the lowest to the highest temperature, respectively.
Fig. 2:
Effect of temperature (˚C) on CO2 dissolution in brine vs time.
The effect of IFT is presented in Fig. 3 . IFT is a parameter which has a great impact on the relative permeability and capillary pressure curves, distribution of fluids in porous media and miscibility of them. To see the impact of IFT on dissolution of CO2 in brine three different relative permeability and capillary pressure curves corresponding to three different IFT values have been input to the model from [20] . The results show that as the IFT decreases the dissolution of CO2 in brine increases. remaining as residual gas increases with the increase in the injection rate; because the distribution of CO2 in the medium increases. Based on the simulations, the storage efficiencies for the lowest to the highest injection rate are 0.5%, 2.6% and 5%, respectively. However, it should be noted that for the lowest injection rate (one fifth of the base case), 24.11% of the total amount of injected CO2 is dissolved while in the base model and the higher injection rate (two times of the base case) only 17.21% and 14.21% of the total injected gas is dissolved, respectively. In the other words, the percentage of dissolved CO2 in the lower injection rate is higher than the amount of dissolved CO2 in the higher injection rate. At this stage, we considered one injection scenario and compare the results of it with the base case.
In this scenario, the CO2 is injected to the system for five years and then the injection stops for next five years. This interval continues for other three times until we have a total of 20 years of injection.
Following the final five-year shut-in the simulation runs a further 85 years. This scenario can be applicable to the condition where we don't have a continuous access to the CO2 source. On the other hand since the dissolution of CO2 in brine is a very slow process, the appropriate time is given to this process after each shut-in, while at the same time the pressure of the reservoir stays low resulting in the ability to inject higher amounts of CO2 over longer time intervals. It should be noted that all the other parameters in the simulations remain constant in both scenarios. Results show the amount of dissolved CO2 in brine in this case is 5.5% higher than in the base case at the end of the injection period, although it happens in 15 years later (Fig 6) . After the injection stops at late post-injection times the amount of dissolved CO2 proceeds towards a same plateau for both cases. It can be concluded from these two scenarios that Case 1 shows a reasonable performance in a situation where we do not have a continuous access to CO2 source. The storage efficiencies are 2.6% for both injection scenarios based on Equation presented by William et al. [16] . In this stage we investigate the effect of vertical to horizontal permeability in our study. In order to investigate the effect of vertical to horizontal permeability, first, we changed the value of vertical permeability to create different ratios and the results we achieved are different from the former approach. As can be seen in Fig. 7 , the amount of dissolved CO2 in brine is the highest for the ratio of 0.1 before and after shut-in. However, the amount of dissolved CO2 in brine for 0.01 is lower than the ratio of 1 before the injection stops and then increases after shut-in. Since the results we achieved are not in agreement with the results by former researchers for pre-shut-in duration [24] , the effect of vertical to horizontal permeability on the amount of dissolved CO2 with different absolute permeability values is investigated. In another approach, we change the value of horizontal permeability to achieve different ratios of vertical to horizontal permeability. Results show the amount of dissolved CO2 in the brine has increased as the vertical to horizontal permeability has decreased (Fig. 8) . This is because of the easier distribution of CO2 in the reservoir through the increase in horizontal permeability. The simulations show that the storage efficiency is 2.6% for all cases. This results show that although that the storage efficiencies are the same, the higher the Kh is, the more the reservoir is suitable for storage purposes by an increase in dissolved CO2. As presented in Fig. 9 , the curve for the amount of dissolved CO2 in brine for Kv/Kh ratio of 0.01 shows a decreasing trend from the high permeability pairs to low permeability pairs and at the lowest value of absolute permeabilities it shows the least amount of dissolved CO2 either before and after shut-in. This is because when the value of absolute permeabilities decreases the effect of Kv/Kh ratio of 0.01 becomes more acute, since the CO2 plume propagation in the vertical direction decreases abruptly and the movement and contact of CO2 with water intensively decreases. On the other hand, from the plots in Fig. 9 it can be concluded that as the value of vertical and horizontal permeability decreases (for instance in tight reservoirs) the impact of the Kv/Kh ratio on the amount of dissolved CO2 increases, as shown by the increasing space between the curves in each plot. While it should be noted that more CO2 is dissolved by the ratio of 0.1 in all cases. In order to investigate the impact of permeability heterogeneity, a model with the same geometry was developed, with the permeability being changed while maintaining the same mean with the homogeneous model. As is exhibited in Fig. 11 , by imposing the heterogeneity the amount of dissolved CO2 decreased during the injection period compared with the homogeneous model and then increased after the injection stops. This is because during the injection period in the homogeneous model the CO2 plume proceeds easier in the porous media and is in contact with more fresh brine, thus the dissolution rate is higher. After the injection stops, since the CO2 plume has a Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 30 July 2018 doi:10.20944/preprints201807.0603.v1 10 of 17 non-uniform distribution in heterogeneous model, the surface area of CO2 plume in contact with brine is higher than the homogeneous model and dissolution increases. In addition, in the heterogeneous model, due to the slower movement of CO2 plume, there is enough time for dissolution trapping. In the homogeneous model the CO2 model very soon accumulates in the top of the formation and its contact with the formation brine decreases. The storage efficiency is 2.6% for both homogeneous and heterogeneous systems. At this stage the impact of different cases of heterogeneity is investigated. Thus, different series of permeability heterogeneity data was generated in order to determine what the effect of different heterogeneity data will be on the model. Thus, at this stage 20 different permeability heterogeneity data were generated having the same mean permeability as the homogeneous permeability (250 mD horizontal permeability and 25 mD vertical permeability). Since the amount of data is huge we only present 10 of the data for CO2 dissolution in brine at the end of the injection and at the end of the simulation (after 120 years). As can be seen in Fig. 12 , the amount of dissolved CO2 in brine varies significantly based on the permeability heterogeneity data and does not obey a rational rule, being either greater or less than the homogeneous model. The only result which is in agreement with the results from the first sensitivity analysis conducted on heterogeneity is that the amount of dissolved CO2 in the homogeneous model is less than that of all the heterogeneous models in the long term. It should be noted that in all these cases the range that the horizontal permeabilities are generated is The variation in the amount of dissolved CO2 in brine in the heterogeneous cases is due to the different saturation distribution of the gas phase in the porous medium which creates different contact areas between the brine and CO2. As presented in Fig. 12 , while the mean permeability remains the same in all cases, the saturation distribution varies considerably from case to case. Here only 6 cases are shown. In order to investigate the effect of the range in which the permeability data are generated we first only changed the maximum of the ranges while all the other parameters are kept constant. In another sequence we tested different minimum and maximum values for the range in which the permeability data is supposed to be generated. In all these cases no rational trend was observed and the dissolution data is seen to be different in each case. The data for each case is presented in Table 3 and Table 4 , respectively. In another approach, we change the value of the standard deviation while keeping the minimum and maximum of the range constant. In this approach we find that in Cases 20 and 21 when that the standard deviation is low the values are closer to the mean (which is 25 mD and 250 mD) but are still random values as in the first 10 cases. Thus, there is no rational trend in the amount of dissolved CO2 in brine. However, as the standard deviation increases (more than 30), the random numbers generated are getting closer to the value of minimums and maximums and the amount of dissolved CO2 in brine decreases. This observation is attributed to the phenomenon that the very small values of permeability does not enable the CO2 phase to distribute within the porous medium and is therefore not in contact with the brine. Thus, the dissolution of CO2 in brine decreases (Table 5 ). It is worth mentioning that in considering the maximum and minimum value of the amount of dissolved CO2 in brine for 36 different permeability heterogeneity cases with the same mean the following observation identified. We observed that the maximum value of dissolved CO2 at the time of shut-in is 39.2% more than the minimum value and the maximum value 100 years after shut-in is 19 .41% more than the minimum. This considerable difference in the solubility proves the importance of permeability heterogeneity in the amount of dissolved CO2 and the saturation distribution which must be created based on the precise and real data of the target formation for CO2 storage.
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In another attempt to cover the different aspects of permeability heterogeneity we changed the well location while the same permeability data is used in the model. In this regard, we considered four different well locations in the model. The results show that even by changing the well location in the same model the amount of dissolved CO2 is changed (Table 6 ). Since in the base case the well is located in a corner of the model, the abrupt increase observed in the well locations other than the corners (Cases 2, 3 and 4) is due to the lack of boundary effects which decrease wellbore contact with fresh brine. Although, the difference is still sensible between the symmetry cases.
Now the impact of horizontal well is investigated in the CO2 dissolution in brine. In this regard, CO2
is injected through a horizontal well with the same number of connection cells to the reservoir. The saturation distribution is shown in Fig. 12 . We further expanded our study to investigate the effect of different heterogeneity distribution in the reservoir by dividing the reservoir into two layers by imposing two different sets of permeability heterogeneity data created by a high and a low standard deviation. In our first case the permeability heterogeneity data that has been created by higher standard deviation was located in the upper layer. We conducted this simulation using two different sets of heterogeneity data (Cases A and B).
The results show that in the both sets of permeability heterogeneity data when the layer with the higher standard deviation is located down the amount of dissolved CO2 in the water is higher (Fig.   12) . A slower upward movement of the CO2 plume is due to the reason explained in the section investigating the effect of standard deviation and appropriate time to stay in contact with brine is considered as the reason for this observation. 
Conclusions
In this study we presented a model to predict the consequences of the injection of pure CO2 in the Bunter sandstone and conducted some sensitivity analysis on different reservoir and injection parameters. In general, the results from this study show that:
 When CO2 is injected with a same rate in a reservoir with a lower pressure, the amount of CO2 dissolved and in general, the storage efficiency is higher. In other words, in developing a field for CO2 storage, injecting CO2 to the part of the field which has a lower pressure will increase the storage efficiency of the project in addition to operational advantages of working with lower pressures.
 Based on the results of this simulation, when the thermodynamic conditions of the reservoir remains constant, the value of the storage efficiency remains constant. However, to what extent a reservoir is suitable for storage purposes and can efficiently store CO2 also depends on other factors such as heterogeneity, Kv/Kh ratio, injection rate, etc. Thus, this equation must be revised and the effect of these parameters must be included in storage efficiency
calculation. This will be investigated in the future work.
 One of the most important concepts in evaluating the efficiency and safety of storage is how the CO2 plume is distributed within the reservoir. In other words, we should consider how much and how easily CO2 can be distributed within the reservoir when deciding on developing a field and the subsequent location of wells in the reservoir.
 The results of our study show that the vertical to horizontal permeability ratio has a significant impact on CO2 storage efficiency and the value of absolute vertical and horizontal permeability controls the impact of Kv/Kh ratio on the dissolution of CO2 in brine.
Furthermore, in low permeability reservoirs the effect of vertical to horizontal permeability on the dissolution of CO2 in water is more sensible than in the high permeability reservoirs.
 Heterogeneity plays an important role in aquifer performance and the amount of dissolved CO2 in brine. The results of our study show that different heterogeneity data can result in different amounts of CO2 being dissolved in brine which might be lower or higher than the homogeneous model. In this regard, the reservoir performance cannot be judged by just adding one set of heterogeneity data. Applying precise and correct heterogeneity data is crucial when investigating the dissolutions by simulations. Higher standard deviation in producing heterogeneity data with the same mean will result in decrease in solubility of CO2 in brine.
